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ABSTRACT 
As a methodology for controlling the carrier transport of topological insulators (TI’s), a flexible 
tuning in carrier number on the surface states (SS’s) of three dimensional TI’s by surface 
modifications using organic molecules is described. The principle of the carrier tuning and its 
type conversion of TI’s presented in this research are based on the charge transfer of holes or 
electrons at the TI/organic molecule interface. By employing 2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (F4-TCNQ) as an electron acceptor or tetracyanoquinodimethane 
(TCNQ) as a donor for n- and p- Bi2-xSbxTe3-ySey (BSTS) single crystals, successful carrier 
conversion from n to p and its reverse mode is demonstrated depending on the electron affinities 
of the molecules. The present method provides a nondestructive and efficient method for local 
tuning in carrier density of TI’s, and is useful for future applications. 
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INTRODUCTION 
A topological insulator (TI) is a material that behaves as an insulator as a bulk state (BS), 
while permitting metallicity on its Dirac cone (DC) surface state (SS).
1,2
 In the bulk of a TI, the 
electronic band structure resembles an ordinary band insulator, with the Fermi level falling 
between the conduction and the valence bands. However, on the surface of a topological 
insulator, the special DC-SS that falls within the bulk energy gap has its spin-momentum locked 
via a topological order known as a Z2 topological invariant, leading it to be a massless 
relativistic particle with high metallicity. TI’s can generally be obtained using a band inversion 
with keeping the time reversal symmetry, and were actually observed to occur in a quantum well 
of mercury telluride cadmium telluride in 2007.
3
 TI’s were also realized in three dimensional 
(3D) bulk solids of binary compounds involving elements having large spin-orbit coupling 
strength, such as bismuth antimony, bismuth selenide, bismuth telluride and antimony 
telluride,
3,4
 and these were experimentally confirmed by angle-resolved photoemission 
spectroscopy (ARPES).
5
 Although the SS’s of 3D TIs are expected to be a new type of a two 
dimensional electron gas (2DEG) system, where an electron spin is locked in its linear 
momentum, the Fermi levels in many TIs unfortunately fall in either the conduction or the 
valence bands due to the naturally occurring defects and these must be controlled by external 
doping.  
Since transport measurements on SS’s are essential for understanding the fundamental aspects 
of 3D TIs, methodologies for controlling carrier numbers in both the BS’s and the SS’s are very 
important. So far, a fairly small number of reports on electric transport have also been compared 
to spectroscopic observations. Conventional elemental substitution techniques are reported to 
change the carrier numbers of SS's from n- to p-type in CaxBi2-xSe3, Bi2-xSbxTe3, Bi2-xSbxTe3-ySey 
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(BSTS), and Bi2-xSnxTe2Se.
5-12
 By employing a field effect transistor (FET) structure, the gate 
voltage was shown to control ambipolar carrier transport in Bi2Se3, Bi2-xSbxTe3, and Bi2Te3 thin 
films.
13-17
 Most recently, similar possibilities were shown to control the carrier numbers using 
absorption of gas species
9, 18, 19
, electric double layer (EDL) construction
20
 and organic thin film 
deposition on SS
21
. Considering the flexible control in carrier number of TI’s, surface 
modifications using organic semiconductor molecules as an interface contact on the SS’s of TI’s 
are very promising and of importance. 
We report here that the carrier type and the number of SS’s can successfully be tuned by 
interface control of BSTS single crystals with a regulated number of inheritance bulk impurities 
(~ 10
16
 cm
-3
 
8-11
) via surface modifications by using organic molecules. We will show that the 
carrier type can be converted from n-type to p-type and vice-versa in BSTS single crystals using 
tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ) and tetracyanoquinodimethane 
(TCNQ) with different electron affinities (Eea’s). The present studies clearly show that carrier 
number control as well as type conversion of TIs are possible by employing organic 
semiconductors having a variety of Eea’s or ionization energies (IE’s). A topological p-n junction, 
a new state of matter
22
 for realizing novel phenomena of massless Dirac fermions such as Klein 
tunneling
23
 and Veselago lensing
24
, could be searched for via the present methods in the near 
future. 
EXPERIMENTAL SECTION 
Single crystals of n- and p-type BSTS’s (n-BSTS : x = 0.5, y = 1.3, p-BSTS : x = 1, y = 2) were 
grown by a slow-cooling method.
8-10
 A single crystal was cut into a rectangular shape using a 
wire cutter and then was mechanically cleaved to obtain a clean surface. The thickness of the 
single crystal thin films was around 40 m (n-BSTS) and 65m (p-BSTS). After cleaving, the 
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single crystal was attached on a substrate using GE varnish and double-sided adhesive for n-
BSTS and p-BSTS, respectively, and finally the electrodes were fabricated using gold paste 
(Tokuriki-kagaku 6430). For making surface modifications, an F4-TCNQ thin film with a 
thickness of 80 nm was fabricated on n-BSTS at 65 

C using a thermal evaporator under 10
-6
 Pa. 
TCNQ in acetone saturated solution was deposited on p-BSTS using a spin coating method. 
Electrical resistivities and Hall coefficients were measured using a 4 probe method before and 
after the fabrications of organic thin films under B  |9 T| in 2 K  T  300 K. 
 
RESULTS AND DISCUSSION 
1. Electric transport of n- and p-BSTS’s before and after surface modifications 
The temperature dependences of longitudinal electrical resistivities  (xx’s) of prepared n- and 
p- BSTS’s were measured in order to confirm their quality before making their surface 
modifications by organic molecules as shown in Figs. 1(a) and (b). Actually, the evolution of 
their resistivities as a function of T showed semiconducting dependences in the intermediate 
temperature regime. This is consistent with the previous observations on the T dependences of 
xx for BSTS.
9
 The xx values were saturated
 10
 in the low T regime below 10 K, and this 
behavior is in sharp contrast to that observed in the intermediate T range. At low T’s, the 
conductivity of normal bulk impurity bands (IBs) is greatly disturbed by the impurity scatterings, 
while that of the DC-SS is almost insensitive and therefore will give the most predominant 
contributions to the conductivity at low T’s. The observed saturation in xx at low T’s is 
consistent with the major contribution of DC-SS's, but not with the bulk IBs. The experimental T 
dependences of the conductivities ensured that the BSTS samples with both p- and n- characters 
have sufficient high quality for the purpose of the present experiments.  
 5 
By employing the BSTS samples described earlier, the changes in the longitudinal 
resistivitiesxx‘s as well as Hall resistivities yx‘s were studied at low T’s as a function of 
magnetic fields (B’s) in detail after the deposition of F4-TCNQ or TCNQ on their surfaces, and 
the results are displayed  in Figs.1(a)-(d). 
Figures 1 (c) and (d) show B-dependences of Hall resistivities (yx) of n- and p-BSTS’s with 
their surface modifications by F4-TCNQ or TCNQ. As described earlier, both prepared n- and p-
BSTS’s showed electron-like and hole-like yx‘s together with non-linear responses against B at 
2 K, respectively. Upon modification of the top surface of n-BSTS using F4-TCNQ, non-linear 
electron-like yx against B was still observed, but a clear indication of a sign change in yx was 
detected around B = 6.5 T at 2 K as seen in Fig.1(c). Similar experiments were made on p-BSTS 
using TCNQ as a surface modification layer as shown in Figs.1(b) and (d). It is apparent in this 
experiment that the original non-linear hole-like yx against B was converted to the one showing 
nonlinear hole-conduction that was clearly evidenced at 2 K. As will be discussed later, these 
experiments provide unambiguous evidences that the opposite hole or electron carriers can be 
generated in the SS’s in n- or p-BSTS, via the charge transfer from the molecules. 
2. Analyses of transport properties in a two carrier model  
In order to understand the charge transfer at the BSTS/molecule interfaces clearly, we analyzed 
the B-dependences of yx using a two-carrier semiclassical model. The resulting parameters are 
summarized in Table 1.  
  We describe the construction of the BSTS/molecule interfaces first. Given the Eea of BSTS to 
be around 4 - 5 eV by referring to values of Bi2Se3
25
 and Bi2Te3
26
 in the literature, F4-TCNQ (Eea 
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= 5.25)
27
 and TCNQ (Eea =3.0 – 3.6 eV)
28
 could be regarded as an acceptor and a donor for 
BSTS, and accordingly we chose these combinations of materials in the present experiments.  
Scheme 1 displays the electronic states of BSTS to be modified by deposition of F4-TCNQ as 
well as TCNQ. In the present experimental setups, F4-TCNQ was deposited via vacuum 
deposition on the top surface of n-BSTS, while TCNQ was cast as an acetone solution on the 
surface of p-BSTS. Therefore, the bottom side was also modified with TCNQ in addition to the 
top surface in the latter case, and consequently the charge transfer from TCNQ should be 
considered not only on the top but also on the bottom SS’s of p-BSTS. This is different from the 
situation of the F4-TCNQ/n-BSTS interface where only the top SS is decorated. As will be 
discussed in the following paragraphs, additional hole carriers are generated in n-BSTS after the 
deposition of F4-TCNQ. On the other hand, p-BSTS was successfully converted to the n-type by 
the treatment of TCNQ. These are consistent with the charge transfer expected at the 
BSTS/molecule interfaces described on a basis of Eea in this paragraph. 
As described in the previous paragraph together with experimental setup, the observed non-
linear yx against B could be interpreted in terms of multi-carriers with different carrier numbers 
as well as with the markedly differentiated high (Dirac-cone SS) and low (impurity band, IB) 
mobilities. For as-prepared parent n- and p-BSTS’s, both systems can be described using a two-
carrier model, generally considering the contributions from SS and IB
8
. Employing a 
semiclassial two-carrier model, both high (1234 cm
2
V
-1
S
-1
) and low (30 cm
2
V
-1
S
-1
) mobilities of 
n-type carriers were evaluated for n-BSTS. When similar analyses for p-BSTS were made, p-
type carriers with high mobility (525 cm
2
V
-1
S
-1
) and n-type carriers with low mobility (60 cm
2
V
-
1
S
-1
) were obtained. Keeping the earlier discussions in mind, the n-type carriers with low 
mobilities evaluated for both n- and p-BSTS’s could be ascribed to IBs. These interpretations 
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could be reasonable because such n-type IB will not change before and after the deposition of 
organic molecules and additional carriers are generated dominantly by thermal excitations. On 
the other hand, the n- and p-type carriers with high mobilities observed for n- and p-BSTS’s can 
reasonably be attributed to the DC-SS.  
After the deposition of F4-TCNQ on the top surface of n-BSTS, n-type carriers with low 
mobility were converted to the p-type carriers (41 cm
2
V
-1
S
-1
), while the n-type carriers with high 
mobility (1126 cm
2
V
-1
S
-1
) remained unchanged. Considering the relatively large Eea of F4-
TCNQ, it is reasonable to consider that holes can be transferred from F4-TCNQ to the top SS of 
n-BSTS. The n-type SS, therefore, is expected to be converted to the p-type SS. However, the 
Hall effect experimentally observed showed an n-type behavior, in contrast with this simple 
thought.  Consequently, the n-type carriers evaluated to be of high mobility could alternatively 
be assigned to the bottom SS of n-BSTS. Since F4-TCNQ was deposited solely on the top 
surface by vacuum deposition, such assignment would be reasonable. Although the DC-SS was 
filled with holes by the surface modifications of F4-TCNQ, its mobility will not be high enough 
when compared to the bottom DC-SS on a substrate, because the chemical potential of the top 
DC-SS will be far apart from the neutral Dirac point and the mobility of the Dirac electrons is 
inversely proportional to the square root of the carrier number. 
It could be noted that yx becomes negative under extremely high magnetic fields since the n-
characteristic IB with low mobility could be responsible for the final value of yx under such high 
B. It should be noted that in the present analyses, however, the sign of yx is still positive at 9 T. 
This result seems to be given by the effect of the p-type SS converted from the n-type SS via 
hole transfer from F4-TCNQ, and the n-type IB and the p-type SS in total were consequently 
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analyzed to be a p-type action in the framework of a two carrier model and this is not intrinsic. A 
more realistic model may be a three carrier model, but we need more accurate data at higher B 
for making the resulting interpretations valid and more reliable (see the supporting information).  
When TCNQ was deposited via a solution method on the surface of p-BSTS, n-type carriers 
with both high (307 cm
2
V
-1
S
-1
) and low (34 cm
2
V
-1
S
-1
) mobilities were found in similar analyses. 
It could be interpreted that the top and the bottom p-type SS’s are successfully converted to the 
n-type SS, while the IB is not largely influenced. These results are considered to be reasonable 
when the modifications of both top and bottom sides are taken into account as explained earlier.    
3. Structures of organic thin films on BSTS single crystals 
  As discussed earlier, the SS of n- and p-BSTS’s were successfully converted to the opposite 
type after the deposition of organic molecules, and this is consistent with the scenario of the 
charge transfer effect caused by the difference of their Eea’s. Although it is hard to investigate the 
accurate interface structure between the organic thin films and the BSTS single crystals in the 
present experiments, the structural information of organic thin films could be helpful for 
understanding the present results and X-ray diffraction profiles for n-BSTS and p-BSTS are 
given along the c-axis direction after deposition of F4-TCNQ or TCNQ in Figs. (a) and (d). 
While the diffraction peaks at (0 0 l) (l = 3n) indices for BSTS were dominant in the diffraction 
profiles
8
, some additional peaks developed after deposition of F4-TCNQ or TCNQ as shown in 
Figs. 3 (b), (c), (e), (f). As compared to the diffraction profiles calculated from the structural 
parameters of F4-TCNQ
29
 and TCNQ
30
, the (h 0 0) or (0 0 l) (h,l = 2n) indices could reasonably 
be assigned to the diffraction from F4-TCNQ or TCNQ films. Therefore, it is most plausible that 
crystalline organic thin films with typical orientations form on BSTS single crystal surface, and 
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this crystallographic information is consistent with the scenario of charge transfer depending on 
the Eea’s. 
4. General discussion considering other experimental facts 
We analyse the situation of the BSTS/molecule interfaces which we deduced from the present 
experiments as follows. When F4-TCNQ or TCNQ is used as a surface modification layer on n- 
or p-BSTS respectively, carriers are transferred at the interface depending on the difference of 
their Eea’s. In the present experiments, the n- or the p-type SS was converted to the opposite type 
by leaving the persistent n-type IB as the less influenced BS. As actually expected for n-
BSTS/F4-TCNQ, a hole-like yx was observed at low B which evolves with a convex shape as B 
increases due to the influence of electron-like IB with low mobility. On the other hand, for p-
BSTS/TCNQ, an electron-like yx was observed at low B which evolves with a concave shape as 
B increases also under the influence of IB.  
It was reported by ARPES that the Dirac point (DP) of charge neutrality in BSTS, having a 
similar stoichiometry to that of the present sample, is close to the valence band maxima.
11
 When 
the chemical potential resides in the vicinity of DP, the dominant contributions to yx both from 
n-/p-type SS and from the BS of the electron-like IB via thermal activated carriers from the 
valence band should be taken into consideration. Our present analyses of the measurements of 
yx for both as-prepared n- and p-BSTS’s clearly demonstrated that n-type carriers with low 
mobility exist and such evidence is consistent with the band picture previously reported. On the 
other hand, in the case of F4-TCNQ on n-BSTS, a clear sign change in yx was observed at 2 K 
around B = 6.5 T. Moreover, a hole-like yx was converted to an electron-like yx when TCNQ 
was used on p-BSTS as shown in Fig.1(d). These experimental data are unambiguous, strong 
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evidence that the SS’s in n- and p-BSTS’s are now compensated and converted by the p- and n-
carriers, respectively, which are additionally transferred from F4-TCNQ or TCNQ, finally 
leading to a carrier polarity change of the DC-SS’s. It is important to comment again that the 
situation of the TCNQ can be compared to the fact that the inheritant n-type DC-SS was still left 
with being less perturbed in the opposite bottom SS in the case of F4-TCNQ.  
The debate still continues about the possible trivial quantum well (TQW) states in 3D-TI 
coexisting with the DC
9,31-34
. Although the present results could be understood as the charge 
transfer at the BSTS/molecule interfaces, which can occur in principle depending on the 
difference in Eea, they can hardly differentiate the contributions between DC and TQW on the 
SS’s solely from the experiments and the interpretations ofyx. Especially in the case of n-
BSTS/F4-TCNQ, as discussed earlier, the present experimental results cannot be understood by a 
simple description of a chemical potential shift. Other possible interpretations that the hole 
transfer from F4-TCNQ to the SS of n-BSTS include both DC and TQW states may also be 
taken into account.  
SUMMARY 
We succeeded to convert the carrier polarity of the SS of BSTS by employing the charge 
transfer occurring at the BSTS/organic molecule interface. Depending on the difference of Eea, n- 
or p-type carriers are successfully transferred from TCNQ or F4-TCNQ to p-\n-BSTS’s, 
respectively. The present results demonstrated that the charge transfer at TI/organic-molecule 
interfaces is a very efficient way to control the carrier density of TI’s. By employing lithographic 
techniques or electrostatic lamination of organic thin films on the surface of TIs as a feasible tool 
for carrier control, we will be able to modify the carrier numbers on DC-SS’s without any 
serious damage to the surfaces of TIs.  
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A topological p-n junction is currently considered to be a new state of matter
22
 which can 
create novel phenomena via attractive characteristics of massless Dirac fermions, such as Klein 
tunneling
23
 and Veselago lensing.
24
 Moreover, a single chiral edge mode can be expected along 
the boundary of a p-n junction when the time reversal symmetry is broken, which will provide a 
new platform of spintronics. We could access to these novel electronic states via local deposition 
of organic molecules on the surface of TIs. By considering a variety of organic molecules with a 
variety of Ea’s and their structural flexibility, we can accurately adjust the chemical potential of 
TIs in the vicinity of DP. The present method can be a technological platform to realize ultralow-
dissipative carrier transport. These could be simple but advantageous to study the frontier areas 
of TIs associated with magnetoelectric effects
35, 36 
in SS transport. 
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Scheme1. A summary of the electronic structure of n- and p- type Bi2-xSbxTe3-ySey (n-BSTS 
and p-BSTS) after deposition of F4-TCNQ and TCNQ. 
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FIGURE 
 
Figure1. Temperature dependence of  electrical resistivity (xx) for (a) n-type Bi2-
xSbxTe3-ySey (n-BSTS) and (b) p-type Bi2-xSbxTe3-ySey (p-BSTS). Magnetic field (B) 
dependence of Hall resistivity (yx) at temperatures between 2 and 10 K for (c) n-BSTS and 
(d) p-BSTS. Black, blue and red points in color correspond to data obtained at 2, 5, and 10 
K, respectively. Open symbols indicate data obtained before deposition of F4-TCNQ or 
TCNQ and closed symbols indicate data after deposition of F4-TCNQ or TCNQ. The inset 
shows the results of fitting of yx. Solid lines indicate the results of fitting employing a two-
carrier-type semiclassical-model (See supporting information). 
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Figure2. X-ray diffraction profiles for (a) n-BSTS and (d) p-BSTS along the c-axis direction 
after deposition of F4-TCNQ or the TCNQ. (b), (c), (e), (d) show magnified plots of (a) and 
(d) with visible diffraction profiles of F4-TCNQ or TCNQ on BSTS single crystals, 
respectively. 
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TABLE 
(a) n-BSTS 
As-prepared F4-TCNQ deposition 
n1 (1/cm
2) 1 (cm
2V-1S-1) n2 (1/cm
2) 2 (cm
2V-1S-1) n1 (1/cm
2) 1 (cm
2V-1S-1) n2 (1/cm
2) 2 (cm
2V-1S-1) 
(n) 1.1×1014 30 (n) 8.5×1010 1234 (p) 1.0×1014 41 (n) 2.1×1011 1126 
 
(b) p-BSTS 
As-prepared TCNQ deposition 
n1 (1/cm
2) 1 (cm
2V-1S-1) n2 (1/cm
2) 2 (cm
2V-1S-1) n1 (1/cm
2) 1 (cm
2V-1S-1) n2 (1/cm
2) 2 (cm
2V-1S-1) 
(n)2.0×1013 60 (p)3.3×1012 525 (n)3.9×1014 34 (n)7.8×1011 307 
 
Table1. Carrier numbers (n) and mobilities () estimated from the fitting of magnetic field 
(B) dependence of Hall resistivity yx at 2 K using the two-carrier type semiclassical model 
before and after deposition of F4-TCNQ or TCNQ for (a) n-type Bi2-xSbxTe3-ySey (n-BSTS) 
and (b) p-type Bi2-xSbxTe3-ySey (p-BSTS). 
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Supporting Information.  
Hall resistivity for 2- and 3-carrier-type semiclassical model. 
“This material is available free of charge via the Internet at http://pubs.acs.org.” 
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